Introduction
When a ballistic basidiospore liberates from a basidium, the spore usually carries an electrostatic charge. Reginald Buller who discovered the phenomenon, found that in all cases "the majority of spores receive positive or negative electric charges of different strengths, whilst a certain number do not become charged at all" [1] . He observed the fall of basidiospores between the electrically charged and vertically placed parallel plates by microscope. His figure ( Figure 68A in [1] ) shows us that the positively and negatively charged spores occurred simultaneously, i.e. the bipolar distribution of charges occurred in the spore samples. He observed spores of Agaricus campestris L., Polyporus squamosus (Huds.) Fr. and other (unmentioned) species. Observations made by Philip Gregory on seven species [2] confirmed the presence of charges on the majority of spores, but not the occurrence of bipolar distribution of spore charges in all species. Essentially similar apparatus was used in the field (placing the apparatus under fungal fruiting bodies, basidiomes), and the density of deposit of spores adhering to the charged plates maintaining the electric field was observed. Results in Agaricus campestris L., Coprinellus hiascens (Fr.) Redhead, Vilgalys & Moncalvo, C. micaceus (Bull.) Vilgalys, Hopple & Jacq. Johnson, Pholiota highlandensis (Peck) A.H. Sm. & Hesler, P. squarrosa (Vahl) P. Kumm., and Polyporus squamosus (Huds.) Fr. were similar to that found by Buller: both positively and negatively charged spores were released from a basidiome simultaneously. In some species, the positively charged spores prevailed, as opposed to the negatively charged spores in others. Spores of Ganoderma applanatum (Pers.)
Pat. carried positive charges only. In this species, a set of observations was carried out (involving a dozen spore samples from several basidiomes in different places during two years). The results indicated that a unipolar-positive distribution of spore charges could be a consistent feature of this species. A unipolarnegative distribution of spore charges was found by Peter Swinbank et al. in Serpula lacrymans (Wulfen) J. Schröt. [3] . These data, published between 1909-1964 and covering eight species of hymenomycetous Agaricomycetes, were so fragmental that Gregory himself had to conclude in 1973 that "little is known about the phenomenon" [4] , i.e. we have insufficient knowledge about the polarity and magnitude (absolute value) of the primary charges, the electrostatic charges carried on the ballistic basidiospores immediately after liberation from a fruiting body.
Magnitude of the primary charges was first measured in 1964 in one species [3] . A negative electrostatic charge of [25] [26] [27] [28] [29] [30] [31] 
e (as [1·35±0·12]×10
−8 e.s.u. in [3] ) was found on a 'mean' spore of Serpula lacrymans (Wulfen) J. Schröt. The charge magnitude was also measured [5] in the period when the studies that lead to the correct interpretation of the ballistosporic discharge mechanism in basidiomycetes were performed. Then, in the 1980s, evidences on the liquids on the spore were provided, and the surface tension hypothesis about the ballistospore discharge mechanism was advanced (and the electrostatic repulsion hypothesis rejected). For Buller's drop (that develops at a very small but complex organ of the spore [6] which externally looks like a minute projection at the spore and is called hilar appendix) it was shown that this is a drop of liquid and not a gas bubble [7, 8] . In addition, the evidence indicated that Buller's drop is enclosed by a membrane at the early enlargement stage and at the late enlargement stage is exposed to the air [8, 9] . Also, the expansion of Buller's drop is driven by the extrusion of a hygroscopic substance from the punctum lacrymans (the point of formation of drop initial), resulting in a rapid absorption of water vapor from the air [10] [11] [12] . So far, nothing was known about the liquid on the spore wall. Now the evidence showed that a flat liquid pool (a film of liquid or a flat drop, called an adaxial drop) develops at the spore wall, above the hilar appendix [7, 8] . The surface tension hypothesis involved two postulates: 1) as Buller's drop expands, it eventually touches the spore wall above the hilar appendix, resulting in a rapid wetting of the whole of the spore, and 2) this fluid movement causes the rapid redistribution of mass, creating linear momentum in the direction away from the sterigma (the spore-bearing projection of basidium), leading to separation of the spore from the basidium [7] . Calculations of the energy required to project the spore off the basidium showed that the surface energy of the drop could be sufficient to perform the work involved [5] . The hypothesis about the electrostatic repulsion between the spore and the basidium involved the claim that the charge on the spore and the basidium are equal (in both magnitude and polarity) at the moment of discharge [5] . In nine species of Agaricomycetes, the spore charge-to-mass quotient was measured and the charge magnitude determined [5] . The mean value varies over a wide range, from 273 e (as 4.37 × 10 −17 C in [5] for Marasmius oreades (Bolton) Fr.) to 7 e (as 0.12 × 10 −17 C in [5] for Agaricus bisporus L.). Calculations showed that if the source of energy for the discharge is electrostatic, the maximum discharge distance of the spore is far shorter than that measured experimentally [5] . The works on the charge magnitude [3, 5] did not give information about factors influencing the magnitude of the spore charge.
The mechanism of charging of the ballistic basidiospore is unknown as the subject has not been studied yet. Some hypotheses about the origins have been made: The charge is picked up from the environment after the release [5] . The spore becomes charged due to a mechanical separation of the mature spore from the sterigma [3] or by friction at the moment of release [13] . The charge is generated by "streaming potential" as the liquid of the drop is forced through a membrane [14] . A possible source of the spore charge is a biologically formed electret-polar molecules oriented in cell walls, all setting up mutual repulsion, pulling the mature spore from the sterigma [14] . These hypotheses have not been accompanied by any strong evidence.
Unipolar distribution of charges in spore populations [2, 3] , and hundreds of elementary charges on a spore [5] are the phenomena fundamentally distinct from the characteristic positive and negative charges acquired by particles in the atmosphere [15] . These phenomena pointed to the endogenous origin of spore charges. We presume that two (or more) processes are responsible for the spore charge, and able to explain the bipolar distribution of primary charges in spore populations. The micromechanical processes involved in the ballistosporic discharge mechanism are similar throughout all the ballistosporic basidiomycetes [16, 17] . Therefore, biochemical processes might be responsible for the differences between the spore populations in the polarity distribution of spore charges. These biochemical processes might be involved in the development of the sterigmata and the basidiospores, or in the ballistosporic discharge, or both. If the biochemical processes giving rise to the spore charge are the same within a species, then the polarity distribution of charges in a spore sample should not be dependent on basidiomes.
If the processes are the same in a genus, then the polarity distribution should not be dependent on the species within it, etc. The present paper addresses the charge polarity similarities within basidiomes, species, genus, families and orders. This information could be useful in investigating the ballistosporic discharge mechanism and for constructing higher-level phylogeny.
Our work is based on the data collected in the 1970s and 1980s at the Institute of Zoology and Botany of the Academy of Sciences of Estonia (ZBI). Then, the primary charge of basidiospores in hymenomycetous Agaricomycetes was studied, but the results remained unpublished. Recently, two papers based on this data were published [18, 19] . These papers addressed the spore charge-to-mass quotient, polarity and magnitude of the spore charge, and the emission rate of charged spores, which shows how many spores leave in 1 second from an area of 1 cm 2 of the fruiting body undersurface (the hymenial surface) and from 1 ha of the forested territory. Similarly to the present paper, these recently published papers involved the level of similarity in the charge polarity, but did this at lower levels (basidiome, species and sibling species group). These recent papers incorporated a part of the spore samples collectedthe samples where the spore charge-to-mass quotient was measured and the magnitude of the spore charge assessed. Our paper incorporates also the spore samples where only the charge polarity was determined.
Experimental procedures

Experimental set-up
To study the primary electrostatic charges of basidiospores in natural conditions, an experimental set-up was designed and built as a portable device [18] . The device consisted of three parts: a chamber (to collect the spores), a stand (to hold the chamber up under a basidiome), and a battery (a constant voltage source). Due to the small size and light weight of the chamber and the multi-step mobility of the stand, the device was useable in all types of the configuration of the basidiome and the substrate. The hymenophore (spore-bearing structure of the basidiome) minimum horizontal projection dimensions were 5 x 7 cm and the minimum free space under it had the height of 8 cm. In the chamber, two vertical parallel metal plates maintained an electrostatic field if connected to the battery. The spores, after entering the chamber through a narrow centrally placed slot, began to fall between the plates. Due to the electrostatic field maintained by the charged plates, trajectories of the charged spores declined from the vertical. The spores carrying positive charges were extracted onto the negative plate and the spores carrying negative charges, onto the positive plate. The spores having charges insufficient to be extracted onto the plates, and the uncharged spores (called non-charged spores) fell onto the floor between the plates. The deposit of spores adhering to the plates was observed by microscope (x 370), using reflected light, and the transmitted light was used for the bottom glass slides. Spores found on both plates indicated that a spore sample had bipolar distribution of charges. Occurrence of spores on one plate (and not on the other plate) indicated that the spore sample had unipolar distribution of charges. Amount of spores per plate was determined by counting the spores [18] , or visually, if counting was impossible due to the thickness of the deposit. Amount of spores per sample depended on the duration of exposure of the chamber (15-1500 min) and the intensity of sporulation of the basidiome, being in the range of 10 2 -10 6 spores per sample. When the number of spores in a sample exceeded 10 5 , then usually an overload of spores occurred on the collecting surface and the spore counting was impossible. The bulk of spore samples, where the amount of spores was determined [19] , consisted of 10 3 -10 5 spores. Average value of charges of the spores in a spore sample was in the range of magnitude of 10-1000 e [19] .
Spores
Polarity of spore charges was studied in 235 spore samples of 135 basidiomes, covering 50 species, 38 genera, 23 families, and eight orders. The bulk of samples were collected in 1972-1974, the later (1975, 1978, 1980 and 1986) collection was carried out to get more representatives for some taxonomical groups. Fungi growing in the northwestern part of the East-European Plain (in Estonia), the southeastern part of the Caucasus Mountains (Azerbaijan) and the northwestern part of the Caucasus Mountain (Adygea, Russia) were used to study ( Table 1) . Spatially and temporally the most-studied species were Fomes fomentarius (L.) J. Kickx f., Fomitopsis pinicola (Sw.) P. Karst. and Ganoderma applanatum (Pers.) Pat. (two to three localities in Estonia and one to two localities in the Caucasus, three years). The amount of spore samples and basidiomes examined was the highest in Fomitopsis pinicola (Sw.) P. Karst. (60 samples, 40 basidiomes), followed by Fomes fomentarius (L.) J. Kickx f. (34, 9), Ganoderma applanatum (Pers.) Pat. (18, 6) , and Lactarius turpis (Weinm.) Fr. (14, 10) . One spore sample was examined in two orders, Cantharellales and Corticiales. The biggest number of genera and families examined was in the order Agaricales (12 species, 6 families). In 51 basidiomes, covering 21 species, charges were studied repeatedly, collecting two to eight spore samples per basidiome. In several species, spore samples were collected in different seasonal (vernal, aestival and autumnal), circadian (nocturnal, morning, diurnal and evening) periods and in different air conditions ( Figure 1a , 1b, 1c).
Results
Basidiome
Of the 51 basidiomes examined repeatedly ( Table 1 . Study on polarity of the primary electrostatic charges of ballistic basidiospores in the hymenomycetous Agaricomycetes: time and location of collection of spore samples. In all locations, except Tartu, the spores were collected in natural forest conditions. In the town of Tartu, the spores were collected in a cellar of a house. (Fr.) P. Karst. (Bankeracea, Thelephorales), Leccinum auriantiacum (Bull.) Gray (Boletacea, Boletales), and Tapinella atrotomentosa (Batsch) Šutara (Tapinellacea, Boletales)]. The basidiomes with different polarity types were collapsing or ceasing to sporulate in the collecting day or the day after ( Table 3) .
Species
Two or more basidiomes were examined in 15 species (Table 4) . In 13 species, the polarity type of spore charges was identical in all basidiomes of the same species, and different in 2 species. In Stropharia hornemannii (Fr.) S. Lundell & Nannf., one basidiome from three, and two basidiomes from 11 in Lactarius turpis (Weinm.) Fr. differed from the others ( Table 3) . These differing basidiomes were ceasing the sporulation or drying up in the collecting day or the day after ( Table 3 ). The turgescent basidiomes of 15 species showed, firstly, that in all spore samples the spores carried electrostatic charges, and secondly, that the type of polarity distribution of spore charges was the same within a species.
Observations about spatial and temporal variations of polarity of the primary electrostatic charges in Fomes fomentarius (L.) J. Kickx f., Fomitopsis pinicola (Sw.) P. Karst. and Ganoderma applanatum (Pers.) Pat. were carried out in two regions 2000 km apart from each other: in Estonia in two or three sites (apart from each other 20 to 100 km), and in the Caucasus Mountains two sites (apart from each other 1000 km) ( Table 6 ). Several phenological seasons and most of diurnal periods as well as different air conditions were covered (Figures 1a, 1b, and 1c) . The polarity of the primary electrostatic charges was same in all spore samples of the same species.
In all bipolar samples (i.e. the samples consisting of both positively charged spores and negatively charged spores), except in three, the number of spores in one unipolar part (i.e. the spores carrying charges of the same sign) was 1.1-fold to 17-fold higher than the number of spores with the opposite polarity ( Figure 1c in [19] ). The prevalence was more than 220-fold in the sample of Cantharellus cibarius spores, in the sample of Thelephora terrestris spores, and in one of the two Piptoporus betulinus spore samples. Overlooking the tiny positive parts, we treated these three samples as unipolar-negative (i.e., the samples having only negatively charged spores). We excluded from the taxonomical analysis all nonturgescent basidiomes ( Table 3) . Further analysis at the species and higher levels was based on turgescent basidiomes (128 basidiomes and 223 spore samples), covering 47 species (Table 5 and 6), 36 genera, 21 families and 8 orders. The polarity of primary electric charges is presented on Figure 2 . Of the 47 species studied, 11 species had unipolar-positive, 21 species had unipolar-negative, and 15 species had bipolar distribution of spore charges.
Genus
In all seven genera with 2-4 species studied, the species of the same genus had the same charge type. Unipolar-positive distribution of spore charges occurred in Phellinus Quél. and Ganoderma P. Karst. Unipolarnegative distribution occurred in Fomitopsis P. Karst., Lactarius Pers. and Amanita Dill. ex Boehm. Bipolar distribution (in which the negative charges are more numerous) occurred in Polyporus P. Micheli ex Adans., and Tricholoma (Fr.) Staude. Of the 36 genera studied, seven had unipolar-positive, 16 had unipolar-negative, and 13 genera had bipolar distribution of spore charges.
Family
Of the ten families with two or more genera studied, seven had the same charge type in genera and species of the same family ( Figure 2) . Unipolar-positive distribution of spore charges occurred in Hymenochaetaceae (4 genera, 7 species). Unipolar-negative distribution of spore charges occurred in Thelephoraceae (2 genera, 2 species), Fomitopsidaceae (2 / 3), Russulaceae (2 / 5), Physalacriaceae (2 / 2), and Coniophoraceae (2 / 2). Bipolar distribution of spore charges occurred in Strophariaceae (2 genera, 2 species). The families with different charge types in genera of the same family are as follows: Stereaceae, Tricholomataceae and Ganodermataceae. Two families were of the related type: they had spores with either negative charges only, or bipolar, with more numerous negative chargesStereaceae (3 genera, 3 species), Tricholomataceae (3 genera, 4 species). In Ganodermataceae (3 genera, 4 species), opposite types of spore charges, unipolarpositive and unipolar-negative, were observed.
Order
Of the four orders with two or more families, none had the same charge type in either genera or species of the same order ( Figure 2) . In Polyporales (8 genera, 11 species), all three types of spore charges (bipolar, unipolar-positive and unipolar-negative) were observed. Two types of spore charges (bipolar and unipolarnegative) were observed in Russulales (5 genera, [20] , the families of Agaricales were arranged according to [21] . The tree is based on multiple analyses of ribosomal RNA gene sequences. Branch lengths are not proportional to genetic distances. Marks for spore charges in spore populations: -negative charges only (unipolar-negative distribution of polarity), + positive charges only (unipolar-positive distribution of polarity), +&--negative charges more numerous (bipolar distribution of polarity, negative part prevailing), ++&-positive charges more numerous (bipolar distribution of polarity, positive part prevailing).
8 species), Agaricales (10 genera, 12 species) and Boletales (5 genera, 5 species).
Discussion
Species
These results show that charge type in a spore population (i.e., type of the distribution of the polarity of spore charges in a population of ballistic basidiospores liberating from turgescent basidiomes) is a consistent feature of a species. The charge type does not depend on different years, different days, different times of a day, various weather conditions, and on basidiomes growing on different substrata. All three charge types (unipolar-positive, unipolar-negative and bipolar) can occur in the species of Agaricomycetes. Our results coincided with the earlier results from all species, which were investigated now and previously (Ganoderma applanatum (Pers.) Pat.--positively charged spores [2] , Polyporus squamosus (Huds.) Fr.--positively and negatively charged spores [1, 2] , Serpula lacrymans (Wulfen) J. Schröt.--negatively charged spores [3] ).
Genus
These results show that charge type in a spore population is a consistent feature of a genus. All three of the charge types (unipolar-positive, unipolar-negative and bipolar) can occur in the genera of Agaricomycetes.
The earlier results of two species in the same genus (in both Coprinellus P. Karst. and Pholiota (Fr.) P. Kumm. [2] ) agreed with our findings-they have the same charge type (Figure 3 ).
Family
These results show that charge type in a population of ballistic basidiospores is not always the same in all genera within a family. In any case, possibly all taxa from species to monophyletic families are characterized by specific type of polarity of the primary electric charge of basidiospores.
Order
Spore charge data are insufficient to characterize orders or major clades of the phylogenetic tree of Agaricomycetes. Neither do they enable to see any phylogenetic trends of the development of spore charge systems in evolution.
Charging mechanism
The results of this study indicate that the primary electrostatic charge of basidiospores originates from process(es) occurring in the fungus. It has been stated earlier already that the polarity distribution of charges must be accounted for in any theory of the mechanism of spore discharge [3] . Our hypothesis is as follows. The primary charge, i.e., a charge carried on the airborne spore after the self-propulsion (jump-off) from the sterigma, is a superimposition of two charges, which are generated by two different internal processes. Both processes are present in all basidia. In a species with bipolar primary charges, one of these processes generates a negative charge, and the other generates a positive charge on a spore. In those basidia, which contribute the positive part of the bipolar primary charges, the process generating positive charge on the spore yields stronger charge (with bigger magnitude) than the charge yielded by the process generating negative charge; and vice versa in the basidia, which contribute the negative part of the bipolar primary charges. In the basidia, which contribute the non-charged spores, the processes yield the charges of the same magnitude. In a species with unipolar primary charges, the processes generate the charges of the same polarity, or one process generates positive charges and the other generates negative charges whereas one of them generates much stronger charge (the magnitude differing by one order or more) than the other. Separation of charges through pulling apart the different surfaces from each other is known in physics as tribo electrification or triboelectric charging [22] . This mechanism-mechanical separation of the spore from the sterigma-has been already suggested [3] to explain the origin of primary charges of basidiospores. Considering the smallness of the contact area (diameter of the scar on the spore, hilum, and the sterigma top is in the range of 0.1 to 0.9 µm [23, 24] , being mostly 0.5 µm [6] ) and the greatness of the charge magnitude (100…1000 e in the 69 % of all species examined [3, 19] ), one needs to question whether the magnitude of the charge obtained by triboelectric charging could be in the same order as that measured in natural conditions? The surface charge for the contact area of 0.2 µm 2 (corresponds to the diameter of 0.5 µm) was calculated for the process limiting the charging (i.e. for avalanche breakdown and/or field emission) (using the modified Paschen curve [25] ), and it was found that ~140…110…70 elementary charges can be separated when spore discharge distances are 40…50…100 µm (ordinary distances in Agaricomycetes [16] ) (Thomas B.
Jones, personal communication).
This estimate shows that, despite nearly submicroscopic size of the contact surfaces, triboelectric charging may contribute remarkably to the primary charges of the basidiospores. Occurrence or absence of the triboelectric charging depends on the plug sealing the top of sterigma and the hilum appendix, and on the dehiscence zone situated between the plugs.
Electrophysiological studies made by Tatiana Belozerskaya with coworkers show that, in mycelial fungi, energy transfer takes place in the electrically coupled cells via ionic fluxes, that these ionic fluxes promote local metabolic specialization of individual hyphal segments and favor their functional heterogeneity, and that integration of cells takes place via local intercellular interactions due to a non-uniform distribution of ionic pumps and secondary transport systems in the apical and proximal hyphal cells [26] [27] [28] [29] [30] . As most basidia are hyphal end cells [6] , the bioelectrical activity might be involved in the formation of both the sterigmata and the basidiospores. If so, then an excess negative charge or an excess positive charge, which arises on the spore and remains on it when the spore jumps off the sterigma, will contribute to the spore primary charge.
Biological importance
The primary electrostatic charges of basidiospores are probably too small to serve for spore liberation [3, 5] but they are not necessarily functionless [14] . These charges can enhance the collision efficiency between small basidiospores and fine droplets [31] , thus increasing the probability for spores to be washed out from the atmosphere by mists, clouds or drizzles.
On a basidium, the sterigmata as well as the spores are formed simultaneously, but the spores liberate successively, not simultaneously [32] . The stage of development and maturation of spores includes the formation of the Buller's drop initials and their development until the disappearance of the thin wall layer surrounding the drop [6] . At the stage of liberation of spores, a spore after spore experiences the rapid expansion of Buller's drop and the self-propulsion [6] . Edred Corner [23] , who made the geometrical analysis of the position of spores on the basidium, hypothesized that an action at a distance must be involved to secure the regular spacing of spores, and that the force appears to be electrostatic repulsion. If the spore-spacing is determined by sterigmatic spacing on the basidiumapex, then the course of the determination must be connected with the hyaline cap which forms at the apex of the basidium shortly before the sterigmata emerge [23] . The substance of this cap forms, evidently, the walls of the sterigmata and those of the spore rudiments; presumably it becomes electrically charged at the surface, and becomes partitioned into blocks, which underlie the bases of sterigmata [23] . The hypothesis made by Corner about an electrostatic way to secure the regular spacing of spores on the basidium supports the idea that the first inner process contributing to the spore primary charges occurs long before the spore liberation. If formation of the spore primary charges begins early at the spore developmental stage, then the spores having unipolar charges experience electrostatic repulsion from each other for the entire time of development and maturation, thus securing the regular spacing of spores on the basidium.
Possibly all taxa from species to monophyletic families are characterized by specific type of polarity of the primary electric charge of basidiospores. These different types are obviously correlated with unknown phylogenetically differentiated types of bioelectric activity in spore development that have originated in parallel. Hypothetically, the different charge types may be correlated with different strategies of spore spreading (and distribution of species).
